Conical intersections play a critical role in excited-state dynamics of polyatomic molecules because they govern the reaction pathways of many nonadiabatic processes. However, ultrafast probes have lacked sufficient spatial resolution to image wave-packet trajectories through these intersections directly. Here, we present the simultaneous experimental characterization of one-photon and two-photon excitation channels in isolated CF 3 I molecules using ultrafast gas-phase electron diffraction. In the two-photon channel, we have mapped out the real-space trajectories of a coherent nuclear wave packet, which bifurcates onto two potential energy surfaces when passing through a conical intersection. In the one-photon channel, we have resolved excitation of both the umbrella and the breathing vibrational modes in the CF 3 fragment in multiple nuclear dimensions. These findings benchmark and validate ab initio nonadiabatic dynamics calculations.
L ight-induced molecular dynamics usually cannot be described within the framework of the Born-Oppenheimer approximation. The picture of nuclear motion on a single adiabatic potential energy surface (PES), determined by treating the fast-moving electrons separately from the slower nuclei, breaks down wherever two or more adiabatic PESs come close in energy (1, 2) . At the crossing point of PESs, the degeneracy is lifted along at least two internal degrees of freedom, and the resultant conical intersection guides efficient radiationless transitions between electronic states at specific nuclear configurations (3) . Examples of important nonadiabatic reactions include photosynthesis (4) , retinal isomerization in vision (5), ultravioletinduced DNA damage (6) , and formation of vitamin D (7) .
Several experimental methods have been developed for studying nonadiabatic dynamics through conical intersections (8) (9) (10) (11) (12) (13) . Among these, timeaveraged photofragment imaging can identify distinct spectral features of nonadiabatic coupling (8, 9) but does not allow the observation of dynamics in real time. Time-resolved laser spectroscopy is the most widely used real-time method for following electronic dynamics, but nuclear dynamics can only be inferred on the basis of an indirect comparison with simulated transient spectroscopic features (11) (12) (13) (14) . In addition, comparison with theoretical predictions requires explicit modeling of the probing process, which can be more complex than the nonadiabatic dynamics in question. Recent developments in both x-ray (15, 16) and electron-based (17, 18) time-resolved diffraction techniques open an opportunity for direct imaging of conformational changes during chemical reactionsmolecular movies with atomic resolution in space and time. Despite the great importance of nonadiabatic dynamics through conical intersections, spatiotemporal resolution has not been sufficient to image a coherent nuclear wave packet traversing a conical intersection with time-resolved diffraction techniques.
The nonadiabatic transitions of molecules between different PESs are inherently quantum mechanical. A wide variety of computational methods can be used to simulate dynamics through conical intersections. For small systems, nonadiabatic dynamics can be treated with exact full quantum dynamics (19) and the highly accurate multiconfigurational time-dependent Hartree approximation (20) . For larger systems, semiclassically motivated approaches such as Tully's surface hopping (21), Meyer-Miller formalism (22) , or ab initio multiple spawning (AIMS) (23) are routinely used. Although simulations can provide rich details of the dynamics through conical intersections, nontrivial approximations at many different stages of the calculations are required, even for relatively small systems. Therefore, confirmation with experimental measurements is crucial.
Here, we report the direct imaging of both conical intersection dynamics and photodissociation dynamics of gas-phase CF 3 I molecules with atomic resolution by use of ultrafast gas-phase electron diffraction (UGED). A 264.5-nm pump laser pulse initiates two photoexcitation channels: a one-photon transition to the dissociative A band and a two-photon transition to the [5pp 3 , 2 P 1/2 ](7s) (24) Rydberg state (referred to as 7s below) (25) , as illustrated in Fig. 1 . The adiabatic dissociation dynamics through A-band excitation of CF 3 I and its analog, CH 3 I, have been studied extensively (26) (27) (28) (29) . We created a multidimensional movie of the structural changes in the CF 3 fragment immediately after iodide dissociation, with a precision of ±0.01 Å in bond length and ±1°in bond angle. Various groups have studied the two-photon transition into the 7s channel by using pump-probe photoelectron and photoion spectroscopy (25, (30) (31) (32) . These studies identified the decay time scale and anisotropy of fragment ions, but the reaction pathway remained elusive. Specifically, it was only a speculation that a nearby ion-pair state might be involved in the reaction dynamics (31) . We have mapped out the nuclear wave-packet trajectory in real space, which directly shows wave-packet bifurcation though a conical intersection. Through cross-verification with AIMS simulations, we have clarified that the ss* state correlates asymptotically to a CF 3 + -I -ion-pair state (referred to as IP) at large C-I separation, and that this state plays a key role in this channel. The reaction pathway is predominantly determined by the nonadiabatic coupling between IP and multiple states: the 7s and [5pp 3 , 2 P 1/2 ](6s) Rydberg states (referred to as 6s below) and valence states.
The UGED experimental setup is shown in Fig. 2A , which is described in detail in (33, 34) and the supplementary materials. For diffraction pattern analysis, we used a two-dimensional (2D) Fourier transform followed by Abel inversion to convert data from momentum space to real space. This procedure returns a pairdistribution-function (PDF) that reports all the interatomic distances, as explained in Fig. 2 , B to E.
The one-photon channel preferentially excites molecules with the C-I axis aligned along the laser polarization. This results in a cos 2 q angular distribution of excited-state molecules, where q is the angle between the C-I bond and the laser polarization (Fig. 2 , B and C). In this case, C-I and F-I pairs mostly appear in the parallel direction (PDF || ), and the C-F and F-F pairs preferentially appear in the perpendicular direction (PDF ⊥ ). The two-photon channel corresponds to a perpendicular excitation (sin yields information about atom pair distances and their corresponding angular distribution, which is critical for assigning the reaction channels and acquiring multidimensional structural reconstructions of the target molecule during the reaction.
We first concentrated on the experimental evidence for nonadiabatic dynamics in the twophoton channel. The experimental DPDF ⊥ as a function of pump-probe time delay is shown in Fig. 3A , with blue indicating loss and red indicating gain of atom pair distances as compared with unexcited molecules. This signal contains structural information from both two-photon (C-I and F-I pairs) and one-photon (C-F and F-F pairs) channels. They can be roughly separated by time scales: The one-photon channel dominates the signal at time delay (Dt) < 200 fs, and the two-photon channel dominates the signal at Dt > 200 fs, at which point the only contribution from the one-photon channel, once dissociation is complete, is a smoothly decaying signal due to rotational dephasing (supplementary materials). The evolution of DPDF ⊥ is plotted in Fig. 3B at three specific pair distances: the initial C-I distance (2.14 Å), a position between the initial C-I and F-I distances (2.52 Å), and the initial F-I distance (2.90 Å). After a time delay of Dt = 100 fs, the signals corresponding to 2.14 and 2.52 Å oscillate out of phase. This result clearly indicates that the C-I bond is vibrationally excited, and the~200-fs period matches well with the documented C-I stretching mode on the 7s surface (35) . The 2.9-Å signal shows oscillatory decay up to Dt = 400 fs, with a surprisingly strong recurrence at Dt = 500 fs. This recurrence time scale cannot be explained by any previously reported vibrational mode on the 7s surface.
The real-space reaction trajectory is encoded in DPDF ⊥ and can be extracted by using a ridgedetection algorithm. First, we extracted the twophoton PDF ⊥ by removing a common decaying signal from DPDF ⊥ . Second, we used a ridgedetection algorithm to locate 1D local maxima, or ridges. Last, we generated the reaction trajectory by connecting nearby ridges (supplementary materials). The excited-state PDF ⊥ is shown in Fig. 3E together with identified ridges (Fig. 3E , black dots) and trajectory (Fig. 3E, blue arrows) . In this trajectory map, at least two wave-packet bifurcation events can be identified: One occurs at~2.7 Å/300 fs, and the other at~2.4 Å/420 fs. In addition, a two-branch crossover event can be seen at~3.3 Å/400 fs. These features serve as strong evidence for the involvement of multiple electronic states and nonadiabatic coupling through conical intersections.
We support our experimental results by using AIMS simulations. The nuclear wave-packet density is shown in Fig. 3G projected along the C-I distance and color-coded according to diabatic state character. The color mixing reflects the composition of the population on these diabatic states. For example, orange indicates that 7s and IP states are dominantly populated, and magenta indicates a dominant population in 6s and IP. Upon excitation, the wave packet takes~100 fs to reach the 7s-IP conical intersection seam, where electronic transitions cause the wave packet to bifurcate into two branches. The branch remaining on the 7s surface has a strong C-I stretching character; the center of the wave packet oscillates with a period of about 200 fs, with relatively little dispersion. For the branch transferred to IP, a large fraction of the wavepacket amplitude is further transferred to the 6s surface through the IP-6s conical intersection seam and returns to the Franck-Condon region at~500 fs. The vibrational wave packet on 7s reaches the 7s-IP conical intersection seam again at~280 and 480 fs, giving rise to the second and the third population transfer events to Yang the 6s surface through IP. The third outgoing wave packet on IP transiently overlaps with the returning wave packet on 6s, causing a strong recurrence of population at 500 fs at~3Å. The simulated DPDF ⊥ of the two-photon channel is shown in Fig. 3C , and its evolution at 2.14, 2.52, and 2.90 Å is shown in Fig. 3D . Comparison between Fig. 3 , A and C, and Fig. 3 , B and D, shows that the~200-fs vibration and the strong recurrence at 2.90 Å/500 fs match very well. The vibration is more pronounced in the experimental data, possibly because of various approximations adopted in the simulation. The result of the ridge-detection algorithm on the simulated nuclear wave packet is shown in Fig. 3F . The dashed box in Fig. 3F shows a very similar trajectory as that in Fig. 3E : Two wave-packet bifurcation events can be found at 2.6 Å/270 fs and 2.5 Å/ 460 fs, and a two-branch crossover event is seen at~3.6 Å/420 fs. All three events are within a 0.3-Å/40-fs spatiotemporal displacement in comparison with experimental data. Comparison between Fig. 3E and Fig. 3F shows that the real-space reaction trajectory, including nonadiabatic events through conical intersections, is directly captured in the experimental data.
We next concentrated on photodissociation after single-photon excitation to the 3 Q 0 state and explored the ensuing structural changes in multiple nuclear coordinates. After the breaking of the C-I bond, the most obvious diffraction signature is the loss of C-I and F-I atom pairs. This is reflected by the two strong bleaching bands in DPDF || around 2.14 and 2.9 Å in Fig. 4A . The time dependence of these two bleaching signals is plotted in Fig. 4B . The C-I bleaching signal starts~30 fs earlier than the F-I signal on account of comparatively fast recoil of the lighter carbon relative to the heavier iodine. Both the iodine and the three fluorine atoms move on a slower time scale, leading to an observable delay between the loss of C-I pair and F-I pair. The AIMS simulation shows a 16-fs separation of the two bleaching signals, which is in reasonable agreement with the experiment. The simulated DPDF || of the one-photon channel is given in Fig. 4C . Three main features in Fig. 4A are reproduced in Fig. 4C : The two bleaching bands correspond to the loss of C-I and F-I atom pairs, and a positive feature~1.3 Å after 300 fs is caused by the rotational dephasing of CF 3 radicals. More details about the very early motion after photodissociation can be extracted from the C-F and F-F pairs encoded in DPDF ⊥ for Dt < 200 fs. We performed a c 2 fit in DPDF ⊥ in order to extract the change of molecular structure (supplementary materials) and the fitted C-F bond length change (DR C-F ) and F-C-F bond angle change (D∠FCF) are given in Fig. 4D . The dynamics assembled from the data are shown in movie S1. Upon dissociation, the ∠FCF immediately opens up by~4°, followed by R C-F elongating by~0.03 Å with a~50-fs delay.
We performed AIMS simulations on the 3 Q 0 state. Upon dissociation, both the umbrella and the breathing vibrational modes are strongly activated with a difference in phase. The angle ∠FCF immediately opens up and vibrates, whereas R C-F shrinks slightly before the strong lengthening. This difference in initial motion is again caused by the recoil of the carbon atom, and when blurred by the instrumental response, results in a measurable delay between the opening of ∠FCF and stretching of R C-F . The red and blue lines in Fig. 4D indicate the simulated changes in R C-F and ∠FCF convolved with an 80-fs Gaussian cross-correlation function so as to incorporate instrumental response. The simulation predicts umbrella opening, R C-F lengthening, and the delay between these, which is in agreement with the experimental observation. A small amount (10%) of intersystem crossing from the 3 Q 0 to the 1 Q 1 state has been reported in previous experiments (27) , but this effect is not observable in our experiments owing to the spatiotemporal resolution limit.
We have shown that UGED can track a nuclear wave packet with atomic spatiotemporal resolution during nonadiabatic processes involving conical intersections, measuring multidimensional nuclear geometry changes, and simultaneously observing dynamics from different excitation channels in polyatomic molecules. In addition, UGED provides a direct probing method for nuclear degrees of freedom, complementing the standard ultrafast laser spectroscopic techniques that directly probe electronic degrees of freedom. Both the experiment and the data analysis of UGED are generally applicable to a wide range of systems in the gas phase. This approach opens the door for studying many important problems in fundamental photochemistry. , plotted together with temporal-blurred structural evolution from AIMS simulation (solid curves). R C-F and ∠FCF are color-coded blue and red, respectively. In (D), the vertical axis ranges for length and angle are adjusted to match each other with a 1.33-Å (ground state C-F distance) radius.
